INTRODUCTION
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anthropogenic emissions of greenhouse gases (Holland et al. 2006 , Stroeve et al. 2007 .
Changing sea ice conditions have wide-ranging implications for physical and human systems in the Arctic (Huntington et al. 2007, Ford in press ). Sea ice is important in the ecology of the Arctic, providing a habitat for animals, playing a crucial role in shaping climate and weather, and acting as an essential platform for seasonal transportation and culturally important resource harvesting activities (i.e. fishing and hunting) (ACIA 2005 . For humans, the sea ice is a dynamic and unforgiving environment affecting their ability to harvest and travel safely. George et al. (2004) and Norton & Gaylord (2004) , for instance, documented episodes in the last 50 yr in Barrow, Alaska, where unexpected break-up of shorefast ice threatened Iñupiat whale hunters with loss of livelihood and life. Moreover, as the climate changes, indigenous knowledge of the sea ice is challenged and confidence to use it is reduced; accidents due to unusual and unexpected ice conditions have been reported across the Arctic and evidence indicates that climate change is already impacting Arctic residents (ACIA 2005 , Huntington et al. 2007 , Keskitalo 2008 . While many of the impacts of changing sea ice conditions are negative, research has also documented benefits including a longer open-water hunting season and reduced exposure to extreme cold (Ford et al. 2008b ). Climate models predict sea ice change to continue into the foreseeable future (ACIA 2005 , IPCC 2007a . All model runs in the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report, for example, project a shrinkage in future sea ice cover (IPCC 2007b) , leading the Panel to conclude with a high level of confidence that sea ice extent will continue to decrease this century.
Considering the susceptibility of sea ice to a changing climate, it is widely believed that human communities will be largely negatively affected by climate change (Corell 2006 , Huntington et al. 2007 , IPCC 2007a . Inuit political leaders have even argued that changing ice conditions due to anthropogenic emissions violate fundamental human rights of Inuit (see e.g. the 2005 petition submitted by S. Watt Cloutier/The Inuit Circumpolar Conference, www.ciel.org/Publications/ICC_Petition_7Dec05.pdf). Research to evaluate the potential impacts of sea ice change, however, has only recently become a major focus of the literature. Significant gaps remain in understanding the vulnerability of Arctic communities to climate change (Duerden 2004 , ACIA 2005 , Huntington et al. 2007 , Ford 2008 , Furgal & Prowse 2008 , Moore & Huntington 2008 . Improved understanding of human vulnerability and determinants thereof should therefore be a research priority, given the projections of rapid climate change in Arctic regions (ACIA 2005) .
We use a case study from the Inuit community of Igloolik, Nunavut, in the Canadian High Arctic, to identify and explore some of the key processes and conditions shaping vulnerability to sea ice change. Specifically, we examine how community members experienced and responded to anomalous ice conditions in 2006, using 2006 as a lens for understanding determinants of vulnerability. We begin by describing the study area, explaining the methodology used in the research, and then characterizing the sea ice conditions in 2006 and their departure from long-term norms. We then explore how the community was affected by the extreme ice conditions, identify adaptive responses, and characterize processes and conditions shaping vulnerability. We finish by examining the potential implications of future climate change.
STUDY AREA
Foxe Basin is a shallow, 550 km long and 360 km wide basin north of Hudson Bay, Canada, located between Baffin Island and Melville Peninsula in the territory of Nunavut (Fig. 1) . Sea ice dominates the surrounding waters for much of the year, with most of the Basin characterized by sea ice that is 1 yr old or less (first year ice). Open water often appears in the northwestern part of the Basin in May (around Labrador Narrows), with ice break-up occurring on average near the end of July (Laidler et al. 2009 ). Sea ice gradually melts, with the Basin becoming ice-free in September. After the first year ice has melted in summer, northern Foxe Basin frequently experiences old ice (including second year and multi-year ice) that flows through Fury and Hecla Strait from the Gulf of Boothia. Ice begins to form in early October and freeze-up usually occurs by mid to late October. The region to the southeast of Igloolik forms a non-linear area of open water surrounded by sea ice in late spring. Sometimes, this open water continues to grow in size until ice break-up occurs. On other occasions, the open water closes up before the final ice break-up. Since most of the sea ice in Foxe Basin is first year ice, it rarely exceeds 1.5 m in thickness.
There are 2 communities along the shores of northern Foxe Basin: Igloolik and Hall Beach (Fig. 1) . Igloolik, the focus of this study, is a coastal community of 1538 people (95% Inuit) (StatsCanada 2006) located on Igloolik Island near the eastern entry of Fury and Hecla Strait (69°23' N, 81°48' W). Located off the east coast of Melville Peninsula, the island and the mainland have a relatively flat topography and can be classified as having a polar tundra climate (Köppen classification). June, July and August are the warmest months when temperatures are above freezing. February is the coldest month of the year with a mean temperature of -31°C.
The harvesting of marine and terrestrial mammals is widely practiced in Igloolik, as in most Nunavut communities (Chan et al. 2006 , Kuhnlein & Receveur 2007 . 'Country food' (traditional food harvested by Inuit) contributes a significant portion to the community's nutritional intake, although younger generations appear to have a diminished taste for locally harvested produce, preferring instead store-bought processed food (Ford et al. 2006b ). The ice acts as an essential hunting platform from which walrus Odobenus rosmarus, ringed seal Phoca hispida, bearded seal Erignathus barbatus and polar bear Ursus maritimus are harvested. The frozen ocean surface also provides an important transportation medium, allowing access to the mainland in the south (Melville Peninsula) and Baffin Island in the North, which comprise important caribou Rangifer tarandus hunting grounds, Arctic char Salvelinus alpinus fishing lakes, and community connections to Hall Beach.
Foxe Basin is at the forefront of climate change (Ford 2008 , Ford et al. 2008a . Many community members in Igloolik have noted anomalous ice conditions since the mid 1990s, and data from Canadian Ice Service (CIS) and Environment Canada weather stations correspond with Inuit observations, showing a pattern of later ice freeze-up, earlier break-up, and altered ice dynamics (Laidler et al. 2009 ). Many important hunting and travel activities are dependent on the condition of the physical environment, and changing conditions have largely had negative implications to date, although benefits have also been noted (Ford et al. 2006b , Ford et al. 2008a .
METHODOLOGY

Vulnerability analysis
Vulnerability can be defined as the 'capacity to be wounded'; it is a measure of the susceptibility to harm in response to a stimulus or stimuli (Smit & Pilifosova 2003 . In this paper, we use the model of Ford & Smit (2004) and Ford et al. (2006a) to examine the processes and conditions shaping vulnerability to sea ice conditions in Igloolik. This model conceptualizes vulnerability as a function of exposure sensitivity to climate-related risks and the adaptive capacity to deal with those risks. Exposure sensitivity reflects the susceptibility of people and communities to climate-related conditions that represent risks, while adaptive capacity reflects a community's potential or ability to address, plan for, or adapt to these risks (Ford et al. 2006a) . In this conceptualization, vulnerability at a community level is viewed as being conditioned by social, economic, cultural, political and climatic conditions and processes operating at multiple scales over time and space, which affect community exposure sensitivity and adaptive capacity. This is consistent with other conceptualizations of vulnerability in the climate change literature (Turner et al. 2003 , Duerden 2004 , Schröter et al. 2005 , Fussel & Klein 2006 , Berrang Ford et al. 2009 ). Through detailed place-based case studies, these processes and interactions can be documented across time and space and their determinants identified.
Retrospective analysis of community vulnerability to climatic change, extremes, and variability is widely used in the literature to identify vulnerability determinants, and provide a baseline for assessing vulnerability under conditions of future climate change (Glantz 38: 137-154, 2009 1988 , 1996 , Duerden 2004 , Duerden & Beasley 2006 , Leary et al. 2007 , McLeman et al. 2008 , van Aalst et al. 2008 Hamilton et al. (2000 Hamilton et al. ( , 2003 examined the influence of environmental changes on modern fisheries-dependent societies in Greenland, shedding light on processes that may shape how communities experience and respond to future climate change. Here we examine how community members in Igloolik experienced and responded to anomalous ice conditions in 2006, focusing on use of the ice for resource harvesting and travel. This enables us to (1) explore how community members experience and manage climate-related risks, (2) identify processes and conditions that determine the availability, efficacy, and success of adaptations, (3) develop a greater understanding of how social and biophysical processes shape vulnerability, and (4) establish a range of possible societal responses to future change. Moreover, given the similarity of ice conditions in 2006 with general trends projected for the Igloolik region by global climate models (Dumas et al. 2006) , we believe it is particularly worthwhile to identify and characterize some of the actual processes and conditions shaping vulnerability and adaptability.
Methods
We use mixed methods that combine qualitative and quantitative approaches to: (1) identify and characterize sea ice conditions which posed risks to community members in 2006, (2) characterize how community members experienced and managed these risks, and (3) identify processes and conditions that influenced exposure sensitivity and determined the availability, efficacy, and success of adaptations. Data collection for 2006 is supported by previously published research by the authors (Ford et al. 2006a ,b, Laidler & Ikummaq 2008 , Laidler et al. 2009 , which add historical context to temporal trends in sea ice conditions, exposure sensitivity, and adaptive capacity.
Instrumental data
Ice charts: To characterize the nature of sea ice conditions in 2006 and assess temporal trends, sea ice data were obtained in chart form from the CIS. These charts are derived from both surface observation and satellite imagery, with ice information relayed in the form of fractional ice coverage of the ocean surface on a maximum value of 10, which can be equated to a percentage of surface ice cover. The satellite data derives from infrared and visible light sensors on weather satellites as well as microwave technology on other satellites such as RADARSAT. Charts are produced on a weekly basis when northern waters are potentially navigable (May to November), but less frequently during winter. Thus, they are useful in evaluating sea ice conditions and variability during transitional stages, and summer months (Laidler et al. 2009 ).
CIS ice charts were used in this study to determine break-up and freeze-up dates and ice conditions for the Igloolik region. Two sea ice cover thresholds were used to determine the freeze-up: 5/10 sea ice coverage, which is commonly used to define freeze-up reflecting a ship-navigable water threshold (Gagnon & Gough 2005b) ; and 9/10 sea ice coverage, which approximates sea ice that can be navigated by community members on snowmobile or on foot (Laidler et al. 2009 ). For break-up, 5/10 ice coverage was used as the threshold, which is consistent with other work (Gough et al. 2004 , Gagnon & Gough 2005a , Laidler et al. 2009 ). Ice charts were also visually analyzed to characterize the nature of the ice during the summer open-water period.
Ice chart data exist from 1982 to the present. The visual presentation of charts has evolved during this time period but they are annotated using a consistent methodology for the representation of ice conditions. Charting is also available from 1969 to 1982 using a different scheme for the representation of ice conditions. An ice cover of 9/10 is easily identified from these older charts, but not a cover of 5/10. Thus, the freeze-up data reported here extends from 1969 to 2006 for the 9/10 threshold, but the 5/10 time series for both freeze-up and break-up only span 1982 to 2006. Moreover, the data from 1982 to 2006 were used for the more detailed statistical analysis, reflecting the higher level of confidence in the more recent data. Linear regression was used to detect trends in freeze-up and break-up timing according to date, with a t-statistic calculated on the slope to determine statistical difference from zero (see Laidler et al. 2009 for more detail).
Nunavut Research Institute data: Sea ice data collected by Nunavut Research Institute (NRI) employees in Igloolik between 1985 and 2006 were also utilized to determine the timing of ice freeze-up and break-up. The data refer to ice conditions in Turton Bay, Igloolik, which is a relatively sheltered location adjacent to, and thus visible from, the community. In this dataset, freeze-up is defined as occurring when the ice is solid across the bay and can hold the weight of an adult (but not a snowmobile). Break-up is defined as occurring when the ice in Turton Bay is floating free (no longer landfast) and is sufficiently open to permit unhindered canoe and motorboat traffic between the settlement and Igloolik Point (~4.5 km away).
Local expertise
The local spatial and broad temporal scales of Inuit knowledge of the sea ice were used here to help interpret and expand instrumental data of sea ice conditions in 2006, facilitate analysis of change over time, and characterize processes shaping local vulnerability. Inuit populations possess detailed, location-specific knowledge of the sea ice, which is built up through personal observation and experience, and from experiences shared among members of the community (Laidler 2006) . However, not all Inuit have similar levels of understanding of specialized topics; active hunters and experienced elders are typically the community members who know the most about past and present sea ice conditions and marine issues. For such hunters, successful and safe sea ice travel and hunting depends on personal understanding of the combined influences of winds, currents, and weather on ice formation and dynamics (Nelson 1969 , Aporta 2002 , Krupnik & Jolly 2002 , Laidler & Elee 2008 , Laidler & Ikummaq 2008 . Therefore, observations of sea ice conditions and changes are inherent in hunters' ongoing, long-term use of the sea ice, and comprise a holistic, sophisticated, and comprehensive understanding of the complexities of marine, wildlife, and atmospheric conditions (Laidler 2006) . It is thus important and valuable to consult, and work with, local sea ice experts to characterize local sea ice conditions, and better understand the implications of long-term sea ice trends on sea ice use and local livelihoods (Krupnik & Jolly 2002 , Meier et al. 2006 .
Specifically for Igloolik, efforts to document and convey this rich local sea ice knowledge has already been undertaken by Aporta (2002) and Laidler & Ikummaq (2008) . Here, we are building upon this foundation in order to better understand recent sea ice trends and their socio-economic influences. Incorporating local experiences and expertise is imperative in understanding what instrumental data means in 'real terms', as well as in learning alternative ways to understand, monitor, and characterize changes (McCarthy et al. 2005) . However, we acknowledge that the complexities of understanding sea ice through the regular long-term use and cultural practices of Inuit can never be fully conveyed. While attempting to comprehend the points of convergence and divergence between local and instrumental observations can be problematic due to their differing scales, methods, and underlying epistemologies (Cruikshank 2001 , Nadasdy 2003 , Peters 2003 , Laidler 2006 , Bates 2007 , there is great local interest in making Inuit expertise and experiences known to scientists. And without local partnerships and contributions, instrument-based studies of climate or environmental change cannot be meaningfully translated into on-the-ground implications, vulnerability assessments, or adaptive strategies (McCarthy et al. 2005 , Bates 2007 . Therefore, we put forward this range of contributions of local expertise as a complement to instrumental data, as well as to provide essential insights into, and expansions of, numerical trends that can serve to: (1) improve our understanding of the changes recorded; (2) question the results of scientific sea ice monitoring; and (3) expand interpretations of change based on indicators of greatest importance to community members who rely on ice for transportation, food, and livelihood.
Focus groups: To document Inuit knowledge of sea ice conditions in 2006 and to examine exposure sensitivity and adaptive capacity to sea ice risks, 7 focus group discussion sessions were conducted. To guide the discussion, an outline of key themes to be covered was used as opposed to a list of questions to ask. This allowed participants to concentrate on ice conditions and trends they considered important, and to extend discussion beyond the nature of the ice to the many other factors that influence how Inuit experience the sea ice and their ability to respond to changes in this environment. Focus groups were undertaken with the help of local researchers, and were conducted in both Inuktitut and English. For preliminary verification and validation, clarification questions were asked throughout the focus group discussions when necessary. After each session, the key points raised were reviewed with the local researchers. The sample of participants was obtained from local residents interviewed in previous research (Ford et al. 2006b , Laidler & Ikummaq 2008 , Laidler et al. 2009 ). Extra weighting was given to the selection of older community members and those actively using the ice to make the description of change over time and of various dimensions of vulnerability possible.
Interviews: Six key informant interviews were conducted with experienced land and resource use managers, including the wildlife officer, the chairperson of the local Hunters and Trappers Association, and the senior administrative officer of the Hamlet. Questions asked during these interviews varied depending on context, but generally sought to examine the nature of sea ice conditions in 2006 and characterize impacts on the community as viewed by local officials. All interviews were in English. Key informant interviews were also used to establish reliability and consistency, allowing findings from the focus group discussions to be compared with other accounts.
The research described in this paper also draws upon 64 in-depth, semi-structured interviews that were conducted with a cross-section of community members between 2002 and 2006 (see Ford et al. 2006b , Laidler & Ikummaq 2008 , Laidler et al. 2009 ). The interviews covered a number of topics relating to sea ice use and change over time. The research also draws upon interviews contained in the Igloolik Oral History Project (IOHP), which is a database started in 1986 containing over 500 interviews with local residents on a variety of topics. The information in the IOHP captures lived experience and oral history spanning the 20th century which, in conjunction with the interviews and focus group discussions conducted by the authors, provides a baseline from which to evaluate and compare sea ice conditions, vulnerability and adaptability in 2006.
Qualitative analysis: The focus group transcripts and key informant interviews were entered into QSR NVivo, a software package designed to organize, handle, and facilitate the analysis of qualitative data. The data were analyzed using thematic content analysis to create common groups or categories describing the nature of sea ice conditions, impacts, adaptation, and vulnerability in 2006 (see Ford 2006b).
SEA ICE EXTREMES IN NORTHERN FOXE BASIN 2006
Fall freeze-up
Freeze-up timing
In Igloolik, the ocean normally freezes and becomes usable for hunting activities and transportation in mid to late October (Laidler et al. 2009 ). Records kept by the NRI for the period 1985-2006, show an average freeze-up date on 22nd October. For the period 1969-2006, data from CIS ice charts show the average date at which the ocean is 9/10 frozen to be the on 26th October; while data from 1982-2006 show the average date at which the ocean is 5/10 frozen to be on 21st October. In 2006, the CIS data shows 9/10 freeze-up on 6th November (Fig. 2) , which is 11 d later than normal, and 5/10 freeze-up to have occurred 16 d later than normal. NRI records show freeze-up to have occurred on 5th November in 2006 . This is the second latest freeze-up on the NRI record after 1998, when a freeze-up date of 7th November was recorded. In the CIS dataset, 1998 also had the latest freeze-up recorded on 16th November. It is noteworthy that 1998 was a particularly strong El Nino year, with average global and Arctic temperatures significantly exceeding the norm. In the CIS dataset, the 9/10 freeze-up in 2002 and 2003 were also observed to have occurred later than that in 2006, occurring on 10th and 11th November, respectively (Fig. 2) .
The 1968 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 Year Day of year Ice Charts NRI Linear (Ice Charts) Linear (NRI) Fig. 2 . Times series of freeze-up dates from Canadian Ice Service (CIS) ice charts using a 9/10 ice coverage definition and Nunavut Research Institute (NRI) data . The trends for both CIS and NRI data are statistically significant (p < 0.01), with corresponding slopes of 0.70 and 0.83 d yr -1 (modified from Laidler et al. 2009) due to differences in how freeze-up is defined and measured, and indicates that both data sources can compliment each other (see Riedlinger & Berkes 2001) . Such nuances may also account for differences between local observations of changing conditions and instrumental datasets noted in other contexts.
Firstly, the NRI dataset defines freeze-up as occurring when the ice can support the weight of an adult. This date is not revised if the ice deteriorates after the initial freeze-up date, as it did in 2006. Hunters described being able to use the ice in the first week of November when below freezing temperatures at the end of October created conditions for freeze-up: temperatures dropped by 4°C to a low of -7°C on 31st October and reached a low of -19°C on 3rd November. At this time, 9/10 of the ocean became frozen (Fig. 3) . Participants then described a combination of rising temperatures and heavy snowfall making the ice too dangerous to use from mid to late November. This is captured in the temperature record of the Igloolik weather station, with temperatures increasing to a high of -3°C on 15th November and persisting for a week. On 19th and 20th November, 12.9 cm of snow fell. Ice charts produced on the 20th show that the ocean to the south of Igloolik decreased from being 9/10 to 7/10 frozen before returning to being 9/10 frozen on 27th November (Fig. 3 ). An ice coverage of 7/10 is unlikely to be suitable for safe use.
Differences in definition are also important in explaining the difference between hunters' descriptions of freeze-up and the CIS data. The ice chart analysis defines freeze-up according to ice coverage and connectivity, i.e. > 5/10 coverage, or > 9/10 coverage. These are necessary but not sufficient conditions for Inuit use of the ice. Inuit also assess ice thickness and stability when deciding if the ice is safe to use, and judge freeze-up based on these additional ice dimensions (which are not measured by the ice charts) (see George et al. 2004 , Laidler & Ikummaq 2008 . After the initial freeze-up in early November 2006, the ice was deemed by Inuit too dangerous to use until late November due to rising temperatures and snowfall, which slowed the thickening and stabilization of the ice. This is partially documented in the ice chart data which shows ice decreasing to 7/10 coverage in mid November. Secondly, differences in spatial and temporal scale of measurement may also account for the different freeze-up dates between Inuit observations and instrumental data. In fall, many community members take only short trips on the ice to access mainland hunting areas. The ice in such areas is of key importance, yet ice charts have poor resolution at this scale. Inuit are also observing the ice on a daily basis, compared to ice charts which take a snapshot of ice conditions once a week between May and November. It is possible, for instance, that ice cover went below 7/10 between 13th and 20th November but ice data were not obtained at this time in the CIS charts. Ultimately, whether the freeze-up in 2006 was the latest on record is not the key point here; what is important is that both Inuit knowledge and instrumental data indicate that freeze-up was significantly later in 2006 than the long-term average, thereby providing an opportunity to investigate how local people were affected by and responded to sea ice extremes. Importantly, the comparison of Inuit knowledge and instrumental data on sea ice conditions highlights that crucial sea ice indicators are not necessarily those measured by instruments (i.e. quality vs. quantity). This is particularly pertinent in the development of sea ice hazard forecasting systems that is now underway in some Inuit regions.
Interestingly, sea ice in the Gulf of Boothia to the northwest, and upwind of Igloolik, was observed to have broken up during September 2006. Normally at least 19% of the Gulf never breaks up (Barber & Iacozza 2004) . Therefore, 2006 is the first year on record when this has occurred. This would change the nature of the ice passing through Fury and Hecla Strait into northern Foxe Basin, providing an upwind moisture and heat source for Igloolik, and is one possible explanation for the late freeze-up in 2006.
Freeze-up speed
Coincident with the late freeze-up, the speed of freeze-up -defined locally as the time taken by ice to allow safe travel once it starts forming -was described as being particularly slow. However, this trend is not evident in the ice chart data, which indicates rapid progression from 5/10 to 9/10 frozen cover on the same day in 2006. Similar to discrepancies between Inuit and ice chart data in freeze-up timing, the lack of convergence in freeze-up speed may be due to a combination of ice deterioration after initial freezing, differences in freeze-up definition, and type of measurement. In previous research in Igloolik, local people have noted slower freeze-up progression in recent years, which is consistent with the instrumental data (Fig. 2) . Detailed analysis of these years indicates that the bulk of the change has occurred since 1990. In the CIS data between 1969 and 1997, November freeze-up occurred only twice, but it occurred 7 times from 1998-2006. Likewise, Inuit in the community report observing later freeze-up beginning in the mid to late 1990s (Ford et al. 2006a , Laidler et al. 2009 ).
Spring break-up
Previous research in Igloolik has documented earlier sea ice break-up of 0. 
Summer
The open-water season in Igloolik lasts from late July/early August until early to mid October. During this period, walrus are usually found resting on floating ice, particularly in regions to the northeast and southeast of Igloolik, and are hunted by Inuit (Anderson & Garlich-Miller 1994) . Floating ice comprises ice that is not attached to land and is constantly moved by ocean currents and winds. It typically includes ice that is defined as 1/10 coverage in the CIS charts and, in many instances, is composed of small pans of ice. It may, however, also include ice of greater coverage, but usually less than the 5/10 threshold for boat navigation. In 2006, focus group participants noted an absence of floating ice in summer walrus hunting areas in northern Foxe Basin as indicated in the following accounts:
'We had a very rough walrus hunting season because the ice was gone! Usually the ice that's here is coming from Labrador Narrows [and] (Fig. 4) . It is noteworthy that in these years, except for 2004, the ice broke up earlier than the 1982-2005 average. Summer ice cover in these charts can therefore be considered below average. In 2006, however, there was an almost complete absence of ice in Foxe Basin, with small areas of 1/10 ice cover surrounding the community and to the northwest around Fury and Hecla Straight, and in the southeast around Prince Charles Island (Fig. 4) . August ice coverage of this nature was not detected in the charts for other years analyzed here. Importantly, there was no ice cover visible in August 2006 in locations where Igloolik Inuit normally hunt walrus on floating ice, corroborating Inuit description.
VULNERABILITY AND ADAPTABILITY IN 2006
Sea ice extremes in 2006 provide a lens from which to explore community exposure sensitivity to climaterelated risks and characterize adaptive capacity. Dimensions of vulnerability are evident in the food system. Community adaptability is also evident in adaptive responses minimizing the physical risks of using the ice. 
Sea ice conditions and food system vulnerability
Exposure sensitivity
Focus group participants described sea ice conditions in summer and fall 2006 as constraining their ability to procure country food. It was noted that rapid disappearance of the ice after break-up and absence of floating ice reduced their ability to hunt walrus in northern Foxe Basin during the summer. Participants described walrus as being located further south in Foxe Basin, around Prince Charles Island, where there was 1/10 ice coverage (Fig. 4) . This was well beyond the range of many local hunters. Walrus that remained in northern Foxe Basin congregated along the shoreline making them difficult to find and harder to hunt (see Anderson & GarlichMiller 1994) . This affected the food system by decreasing the availability of walrus meat. It was particularly problematic for elders and more mature community members for whom walrus is an important food source in summer and fall, providing a well balanced source of nutrients, vitamin A, and protein (Kuhnlein et al. 1996) . Fermented and aged walrus meat (igunak) meanwhile, is considered a local delicacy, the consumption of which is important in establishing and re-affirming community social relations. Limited walrus meat, especially during early summer when the meat is cached for ageing, resulted in limited production of igunak.
'This year we have no igunak [aged walrus]. We go out hunting but come back without walrus because there [is] no ice ….. because the hunt has been bad we have only been able to hunt just for today. We haven't done any caching of walrus meat. This is the first time Young Inuit in this study and in previous research, however, openly admitted to a disinclination to eat walrus due its strong and acquired taste, not to mention the hard work required to harvest the animal. Indeed, many elders have been complaining about the demise of walrus hunting in the last few decades, specifically from the perspective of cultural preservation. Therefore, young Inuit were less affected by limited walrus availability in 2006. This indicates the importance of non-climatic factors in shaping exposure sensitivity to climate change, extremes and variability. Indeed, negative trends from a cultural perspective, may reduce exposure sensitivity to climate changean issue addressed later in the article.
During fall, sea ice is widely used for travel to caribou hunting grounds and char fishing lakes on the mainland (Melville Peninsula), as well as a platform for hunting ringed seals. Ringed seals are hunted in small pockets of open water that remain as the ice is freezing and also in bays and points of land where cracks open up . Participants articulated that the slow freeze-up in 2006 limited their ability to travel to the mainland because the ice was too thin and dangerous to use until late November, except for a short period at the beginning of the month. This significantly reduced people's ability to hunt seals on the ice and travel to hunt caribou and char, reducing the availability of food from these animals. Thus, the widespread appeal and importance of these species in the local diet increased exposure sensitivity due to limited availability as indicated in the following accounts:
'This fall has been long because we spend a lot of time on [Igloolik] island. Usually we go out hunting earlier in the fall but we haven't been able to go to the mainland for a while. Even when the ice became safe to use in late November, it was not until early December that the ice reached a thickness capable of supporting direct travel to the mainland. These routes normally start being used for travel to char fishing lakes and for caribou hunting between late October and early November. The resulting detours added travel time and in some cases doubled the travel distance, and hence cost, thereby limiting access to those with time and/or sufficient financial resources.
Adaptive capacity
Due to the reduced access to and availability of wildlife in summer and fall, participants in the study reported having to purchase more store food to meet their dietary needs. For elders, active hunters and those with a strong connection to the land-based economy, switching to store-bought food was not considered an equal trade-off: country food are preferred because they are believed to be healthier, fresher, better tasting, and have cultural significance. Additionally, for those who rely on country food, switching to store-bought food was not always an option due the high cost of commercial goods in the North and limited access to financial means. Participants stated that those who did not have enough money to purchase food in 2006 had to rely on family members to share store food, used the food bank, and some reported going without food for a couple of days. Even for those who could afford store food, the additional stress placed on household income by reliance on purchased food has reinforced the negative impacts of ice conditions by adding financial burden to the cost of other climate adaptations, including having to use more gasoline to hunt and travel longer distances.
In previous years, the sharing of country food has helped to uphold access despite environmental stress (Ford et al. 2006b ). It was noted that sharing was important in 2006, supplementing the diet of those who were unable to hunt or were not successful in procuring country food. For example, even though the summer walrus hunt was limited, those who were successful described sharing the meat with those who 'craved walrus meat' but had none, and those who had country food stored during fall reported sharing with others. Sharing was described as mostly occurring in the extended family unit but also with friends. In summer and fall in 2006, sharing networks were significantly stressed. However, there was too little walrus and caribou meat in the summer and fall to satisfy demand.
Flexibility in hunting behavior has also previously enabled Inuit in Igloolik to manage fluctuations in wildlife availability (Ford et al. 2006b ), and was utilized in 2006 to maximize hunting success. In summer 2006, hunters searched the northern Foxe Basin coastline looking for walrus in areas where they are not usually found. Others went further south looking for walrus. This resulted in partial success for some hunters, although the extra gasoline costs entailed were prohibitive for many (especially considering high gasoline prices). Participants also described catching bearded seal in summer when walrus were scarce. Bearded seal, however, is largely used for dog food in Igloolik. Even those who searched extensively for walrus were unable to catch enough to offset reduced availability.
The role of multiple stressors
Other climatic conditions were reported to magnify the vulnerability of the food system to anomalous sea ice conditions in 2006. Heavy, powdery snow on the mainland in November, believed locally to be due to warm temperatures, made caribou difficult to hunt. Powdery snow also made it hard to use snowmobiles, especially when transporting harvested animals, and increased use of gasoline, thereby affecting the amount of harvest brought back to the community. Caribou have also migrated away from the Igloolik region in recent years (they were found 130 km to the southwest of Igloolik in 2006). This trend, which is part of a natural long-term cycle, increased the difficulties of access associated with powdery snow. In fall 2006, it was therefore difficult to offset reduced marine mammal harvest with caribou meat. Thus, climate-related conditions reduced the ability to switch species hunted, which is a key adaptive response to environmental stress documented previously in Igloolik and in Inuit communities across the Arctic (Berkes & Jolly 2001 , Ford et al. 2006a , Furgal & Seguin 2006 , Nickels et al. 2006 , Riewe & Oakes 2006 . Non-climatic conditions, including higher oil and commodity prices, and high baseline food insecurity, also exacerbated the implications of sea ice conditions in 2006, and are assessed in detail elsewhere (Ford in press).
Sea ice and physical risk
Exposure sensitivity
October and November are widely regarded as the most dangerous times of the year for using the sea ice. Non-uniform freezing rates can hide areas of open water. Air pockets can form under the ice, thereby increasing the risk of falling in and making such locations more prone to breaking off. Where ocean currents are strong, the ice can often remain thin and unstable until later in the year, and in some locations, all year . The dangers related to sea ice travel in early fall are compounded if snow falls on thin ice, as it insulates the ice underneath, promoting ice melt from the heat of the ocean (and movement of currents). As experienced locally, the late and gradual freeze-up in 2006, combined with snowfall on ice in mid November, increased the danger of using the ice. It was reported that hunting equipment were damaged in accidents where people fell through the ice. Increasing physical danger of using the ice was compounded by the rising price of fuel used to power snowmobiles, with the price of unleaded gasoline increasing from ~$0.90 l -1 in 2004 to $1.20 l -1 in November 2006 (prices here and below are in Canadian dollars). In Nunavut, the territorial government purchases fuel products in bulk once a year, and organizes delivery to communities where the fuel is stored until the next annual re-supply (http://cgs.gov.nu.ca/ en/petroleum-products). Price varies according to the cost of fuel at the time of purchase, and the price increase (or decrease) is announced in November each year. In November 2006, the price of fuel increased by~$0.10 l -1 in Nunavut and, in combination with increasing commodity prices in general, affected how community members in Igloolik experienced and responded to climatic extremes (Fig. 5) . Participants noted taking as little fuel (for snowmobiles) as possible when making hunting or recreational trips due to price. Redundancy is a key feature of Inuit adaptability and in previous research in Igloolik, community members noted taking more fuel than necessary to cover all eventualities (Ford et al. 2006b ). Rising prices have reduced people's ability to make extra preparations, particularly among those with a low cash flow, eroding the safety net provided by redundancy. Indeed, participants drew attention to the increasing number of people running out of gasoline while hunting in 2006. For those without adequate land skills and/or equipment, such incidents are serious and can result in loss of life. Running out of gasoline can also have implications for the food system (Fig. 5) . One elder explained an incident during fall: 'My 2 sons when [they were] hunting got stuck because [they ran out of] gas. They call[ed] me up. I brought the gas over to where they were ….. They had 8 caribou [but they were] all gone, [spoilt] because of the time.' An incident of this nature would not have been a problem for hunters with knowledge of how to cache and dry meat, but many of these skills are not being fully transferred and developed among younger generations. These examples demonstrate how the implications of a changing climate are mediated by interaction with socio-cultural conditions and change. Interestingly, adaptations including use of more fuel-efficient and less powerful hunting equipment in response to rising gasoline prices and climate adaptations are not being discussed locally.
Adaptive capacity
Despite the increased potential danger of using the ice in 2006, participants noted that the safety implications of sea ice extremes in fall 2006 were relatively minor compared to previous years. There were no injuries and equipment damage/loss was minimal. As documented in previous research in Igloolik, and elsewhere in Nunavut , Riewe & Oakes 2006 ) and other Inuit regions of the Arctic (George et al. 2004) , the accumulated experience of adapting to sea ice variability and extremes, and the detailed knowledge of sea ice processes held by the more mature and older hunters helped moderate the impacts of sea ice extremes. During early stages of ice formation, for example, focus group participants explained their vigilance in evaluating the condition of the ice, using visual clues and testing using a harpoon to judge safety and avoid dangerous areas. Other reported adaptations, enabled by local Inuit expertise, included avoiding travel until December and delaying travel to Baffin Island and the mainland until the ice was judged to be safe to use. The increasing use of safety equipment such as Global Positioning Systems (GPS), satellite phones, and consultation of weather forecasts prior to traveling on the ice also helped to reduce the risks of using the ice, although negative impacts of these technologies on safety have also been noted elsewhere (Aporta & Higgs 2005) . Local institutions also played an important role in moderating the risk burden in 2006, most notably the local Hunters and Trappers Organization (HTO) whose jurisdiction covers the general management of community harvesting including, but not limited to, the regulation of harvesting practices and techniques. In fall, the polar bear hunting season was opened by the HTO in early November when the ocean initially froze. Following local procedure, tags (i.e. permits) to hunt polar bears were distributed by drawing lots. Experienced hunters and elders, who make up the board of the HTO, noted early in the polar bear season the dangers of traveling on the ice and consequently stopped the hunt for 2 wk (mid November -1st December) until ice conditions improved. This corresponds to the 7/10 ice coverage observed in CIS charts around the same time, as well as the temperature increase and heavy snowfall. Those with tags allocated prior to the ban were able to continue once the HTO re-opened the hunt, this being an important consideration given the importance of polar bear hunting both culturally and economically (see Wenzel 2005) .
'The polar bear hunt was stopped because of the dangers. There was snow [on the ice] but underneath the snow there was open water and the elders thought that if the polar bear hunt was to go ahead it would be dangerous for the youth who didn't know the surrounding areas …. When the elders decided it was too dangerous, the elders got together and put a stop to it until they felt sure it was not a danger anymore. ' (L. Uttak, Dec 2006) Closure of the hunt reduced exposure to dangerous sea ice conditions, especially for younger hunters who are believed to be vulnerable to sea ice risks, and points to the wider importance of elders in underpinning adaptability. Those knowledgeable and experienced on the land or ice act as an 'institutional memory', maintaining and transmitting local knowledge and providing information during periods of change. Providing such guidance and information is considered an affirmation of Inuit identity, and many elders consider the safety of hunters their responsibility. It also supports the suggestion that flexible institutions that are close to the resources and receptive to environmental feedback stand a better chance of successful response to change than top-down, centralized management systems (Kofinas 2004 , Armitage 2005 , Armitage et al. 2008 . The HTO, with its formal involvement of local elders and experienced hunters in decision making, was able to effectively and quickly respond to the dangerous ice conditions.
Emerging adaptive capacity
Adaptability in the face of sea ice conditions in fall 2006 contrasts with previous years in Igloolik, when serious incidents were reported and attributed to dangerous ice conditions (Fox 2002 , Ford 2005 , 2006a , Ford et al. 2006b ). Analyses of the focus group data and previous interviews indicate a number of processes which appear to be moderating the effects of ice extremes in Igloolik.
Firstly, Igloolik Inuit have experienced and responded to changing ice conditions and increasing occurrence of extremes since the mid to late 1990s (Fox 2002 , Laidler & Ikummaq 2008 . Experience with stress appears to be enabling social learning, whereby trial and error experience has developed and refined means of adapting. This is particularly important in helping reduce the dangers of using the ice in a changing climate. A good example in Igloolik is an incident involving focus group participant H. Ittusardjuat. In fall 2005, he described falling through the ice on his snowmobile on the way to char fishing lakes on the mainland. His satellite phone was in his sled and he was unable to access it to call for help, resulting in a long walk home in sub-zero temperatures. After this incident he now carries his phone in his parka for easy access in case of an accident. Other examples of social learning in Igloolik and elsewhere in the Canadian Arctic are documented in Ford et al. (2008a) . Through individual experiences like this, and subsequent discussion over the local radio, with elders and experienced individuals, and with others in the community and while hunting, Inuit knowledge has evolved with changing sea ice and other environmental conditions. Indeed, the evolution of old and creation of new heuristics in response to change, defines the very nature of Inuit knowledge, which is developed and acquired through experiential and inter-generational learning (Wenzel 1999 , Laidler 2006 . This collective social memory, with accumulated experience in responding to sea ice extremes in a changing climate, framed individual practice and decision making in fall 2006 to moderate the increased risks of using the ice. There is local concern, however, that when today's elders pass away, many of the younger generations may not have the knowledge or skills to promote and conduct safe and successful hunting. From a climate change perspective, this could increase exposure sensitivity and reduce adaptive capacity to changing climatic conditions. Secondly, increased climate variability and extremes are being accepted as the new norm in Igloolik. This contrasts with previous fieldwork between 2003 and 2005 when participants noted that the Arctic environment is naturally variable and that the late freeze-up and early break-up, unusual weather, and ice instabil-ity documented since the mid to late 1990s were manifestations of this variability (Ford et al. 2006b ). It was commonly explained that 'things will get back to normal next year.' However, 2006 appears to signify a change in how Igloolik Inuit perceive and explain variability and extremes. Focus group participants described 2006 ice conditions as being reflective of human-induced climate change and expect the trend to continue into the future. This new realization is affecting preparations made before traveling and the hunting equipment taken on trips. In interviews conducted in 2004, and in interviews in the IOHP, for example, elders and experienced hunters noted the increased use of new technology in hunting but were skeptical of its benefits. During focus group discussions in 2006, the same participants argued that GPS and satellite phones were essential for safe hunting in light of changing climatic conditions, noting that many residents, both old and young, make use of these technologies. In this context, the endorsement of new technology by those experienced on the land is important, with young and/or inexperienced hunters often traveling with and seeking advice from these local experts before hunting.
DISCUSSION
Instrumental datasets and Inuit community members document anomalous sea ice conditions in 2006. Fall freeze-up was one of latest in the last 40 yr and the summer open-water period was characterized by limited ice cover. Dimensions of vulnerability are evident in the food system, with sea ice conditions constraining people's ability to procure country food including seal, caribou and walrus, especially in summer and fall. While food sharing and hunting flexibility helped moderate some of these risks, these mechanisms were unable to fully cover the shortfall. For those dependent on the products of the hunt, switching to store-bought food was an unacceptable social and economic tradeoff; this group of Igloolik Inuit are more likely to be vulnerable to compromised food security if hunting access is further constrained with future climate change. For a growing population of young Inuit, the implications were less pronounced, with fewer younger generations being dependent upon hunting and the food it provides. Indeed, many youth indicate preferring store food and eating country food only when they are available. When country food access is limited, they have more flexibility to substitute food types. However, for young people who rely on country food to provide for their families, the erosion of certain skill sets is affecting their ability to hunt and bring back traditional food as the example of caribou spoilage indicates. Food system vulnerability in 2006 exceeded previous years when coping mechanisms largely maintained food system adaptability in the face of climatic stress. This indicates the significance of the extreme ice conditions in 2006, which were in many ways unprecedented. Non-climatic stresses, including increasing gasoline prices over time and the price increase in November 2006, also increased exposure sensitivity to sea ice extremes. The climate change literature has generally highlighted that such 'multiple exposures' are important in determining vulnerability to climate change (O'Brien & Leichenko 2000 , O'Brien & Leichenko 2003 , Liu et al. 2007 , McLeman et al. 2008 , Keskitalo 2008 . Underlying food system vulnerabilities were also significant, mainly through their negative impact on household finances and ability to purchase store food, and are assessed in more detail elsewhere (Ford in press) .
A combination of risk management, avoidance, and sharing strategies, facilitated by Inuit knowledge, flexible local institutions and sharing networks, enabled the moderation of increased physical risks of using the ice in fall 2006. In contrast to previous years, it was noted that while the ice was dangerous in fall, there were few accidents and/or damage to equipment. This appears to indicate increasing adaptive capacity over time and demonstrates that changing conditions can have positive impacts through social learning and innovation, even if the short-term effects are negative. The ability to learn from disturbance, the acceptance of uncertainty, and the flexibility of local institutions are widely believed to underpin adaptable and resilient systems in a variety of geographic and sociocultural contexts , Tompkins & Adger 2004 , Berkes 2007 , Armitage et al. 2008 . Thus, sea ice conditions in 2006 need to be situated in the context of changing sea ice and other environmental conditions documented in Igloolik since the mid to late 1990s. Through trial and error experience of these changes, innovation, development of new heuristics alongside memory of traditional ways, and acceptance of new uncertainty in a changing climate, Inuit knowledge of the ice appears to be evolving to reframe decision making in light of changing conditions.
The unprecedented sea ice conditions in summer and fall 2006 correspond in many respects to predictions of altered ice conditions with climate change. By mid century, for example, it is predicted that freeze-up will occur in mid to late November on a regular basis, the ice-free open-water season will be longer, and the ice will thin and be more dynamic throughout the year (Dumas et al. 2006) . Moreover, anomalous climaterelated conditions will increasingly become the norm in Igloolik and throughout Arctic Canada, with climate change (ACIA 2005 , Furgal & Prowse 2008 . By focusing on vulnerability and adaptability of Igloolik Inuit to sea ice conditions in 2006, this paper provides important insights into the potential local implications of future sea ice change and a baseline from which to examine how future climate change might generally affect Inuit communities, these insights being increasingly recognized in the climate change literature (Adger et al. 2006 , Belliveau et al. 2006 , Riewe & Oakes 2006 , Liu et al. 2007 , Thomas et al. 2007 , Keskitalo 2008 , McLeman et al. 2008 . We demonstrate that vulnerability to a specific climate-related event (e.g. lack of summer sea ice, late freeze-up) can be exacerbated or moderated by changes in other climatic conditions and non-climatic stresses. A late and slow freeze-up on its own, for example, is not necessarily problematic; in 2006, a combination of an unsuccessful summer walrus hunt, rising gasoline prices, and longer-term sociocultural stresses, increased exposure sensitivity and constrained adaptive capacity to sea ice extremes. We illustrate that vulnerable groups often emerge due to the synergistic interaction of climatic and non-climatic stresses, which combine to overwhelm adaptability. We highlight how certain groups and sectors are at greater risk than others, depending on their livelihoods and socio-economic characteristics. The food system, for instance, is sensitive to climatic extremes, with those relying on country food for a large portion of their diet being more vulnerable to changing food access and availability. This study also re-affirms the adaptability of Inuit, with changing conditions stimulating social and institutional learning. It is of particular concern, however, that a decreasing number from younger generations are learning the land-based skills and knowledge which underpin adaptive capacity (Ford et al. 2007 ).
These insights have important policy implications, particularly for reducing vulnerability to 'climate crises'. During periods of climate-driven stress, targeting nonclimatic drivers of vulnerability offers a strategic entry point for policy to reduce the risks. In 2006, for example, emergency intervention to subsidize gasoline prices during summer and fall would have relieved the burden of having to travel further to hunt due to ice conditions. Assistance to improve accessibility to store food (e.g. food credits, expansion of the local food bank, improved food mail system) for high-risk groups during summer and fall would also have increased adaptability, enabling those with low income and limited ability to procure country food to maintain food access (see Myers et al. 2004 ). Educational/informational territory-wide campaigns and/or incentives are also required to help hunters make informed choices when buying hunting equipment. In the context of rising gasoline prices and climate adaptations, the current purchasing trend towards high-powered snowmobiles and outboard boat motors is maladaptive in many ways, although high-powered machines allow quick access to land if problems are encountered (see Aporta 2004 , Ford 2008 for discussion of hunting technology and safety implications). Strengthening other sources of adaptive capacity is also important. Inuit knowledge, for example, plays a crucial role in underpinning community adaptability and reducing sensitivity to climatic risks, yet studies indicate that in the absence of support, the transmission of important hunting skills is at risk (Takano 2004 , Duerden & Beasley 2006 , Ford et al. 2007 ). Efforts to encourage and support the reestablishment of outpost camps located closer to known concentrations of wildlife would reduce the need for long-distance travel over increasingly dangerous sea ice, and increase access to wildlife at times of the year which are becoming increasingly difficult. Moreover, outpost camps could supply meat to Igloolik on a regular basis, buffering fluctuations in meat availability. Potential climate change adaptation strategies for Nunavut are discussed in greater detail by Ford et al. (2007) .
CONCLUSIONS
There is strong evidence that human-induced climate change has been underway for at least the last decade in Arctic regions. Climate models indicate accelerated climate change in the future, with many current climate risks projected to increase in magnitude and frequency. The potential negative implications of climate change for Northern residents and the urgency of developing policy to moderate and reduce impacts has increased the demand for studies assessing climate change vulnerability. Retrospective studies offer one way to learn about the causal processes shaping climate change vulnerability and can establish a baseline from which to conduct prospective studies. In this research, the ice conditions of summer and fall 2006 enabled us to explore aspects of humanenvironment interactions which determine how Inuit experience and respond to climatic extremes. What emerges is a complex story of interacting climatic and non-climatic stresses shaping vulnerability to sea ice extremes, influenced by processes originating at multiple spatial and temporal scales. These findings are consistent with human dimensions of climate change research elsewhere in the Arctic and other geographic contexts, which has located vulnerable groups in a nexus of interacting social, cultural, economic, and biophysical stresses. Moreover, in the context of Canadian Inuit communities, climate change will affect human systems already under significant stress. High baseline food insecurity, for example, will likely increase vul-nerability to climatic risks. This case study also appears to re-affirm the adaptability of Inuit to climatic stress and highlights that adaptability can increase over time as climate change impacts are experienced. Indeed, it suggests that, as far as physical risk is concerned, the impacts of climate change may be less pronounced than once thought.
The findings presented in this paper are part of a broader project seeking to characterize and understand processes shaping climate change vulnerability in the Arctic using detailed community case studies (International Polar Year CAVIAR project). Continued monitoring of community experience and responses to variability, extremes and change of in Igloolik will allow recent observations of emerging adaptability and vulnerability to be tested as the social and biophysical environment continues to change. Moreover, case studies in other communities will permit a greater understanding of the extent to which trends in Igloolik are applicable elsewhere. 
